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THE common brushtail possum (Trichosurus vulpecula Kerr: Phalangeridae), is a marsupial native to Australia that also has a widespread distribution in New Zealand following deliberate introductions throughout the 1800s. T. vulpecula is a hindgut fermenter with a relatively simple stomach and an enlarged caecum and proximal colon (Foley et al. 1989) . The morphology of the gastrointestinal (GI) tract is an important adaptation to the type of diet T. vulpecula utilises. In Australia, T. vulpecula is described as a generalist herbivore in native forest, supplementing its diet of leaves with fruits and flowers. Foliage from a limited number of Eucalyptus species is the major dietary component, with flowers and leaves of understorey plants such as tea tree (Leptospermum spp.) being eaten in smaller quantities (Kerle 1984) . Eucalypt foliage is nutritionally poor as it is sclerophyllous and fibrous with a low concentration of nitrogen. Eucalypt leaves also contain an array of secondary metabolites such as phenols and tannins that retard digestion and are energetically expensive for small mammals to detoxify (Cork and Foley 1991; Marsh et al. 2003) . In addition to a low metabolic rate, it is the microbial fermentation in the expanded caecum and proximal colon that enables T. vulpecula to utilise such fibrous diets, despite the limitations on intake imposed by a small body size (Foley et al. 1989) . T. vulpecula is also successful in urban areas where they consume a higher quality diet (Kerle 1984) .
In contrast, the diet utilised by T. vulpecula in New Zealand is of greater nutritional quality and the foliage does not contain the high concentration of defence compounds found in Australian native plants (Nugent et al. 2000) . In New Zealand, a wide range (up to 100 different species) of native and plantation species are eaten and energy-rich flowers and fleshy fruits form a larger part of the diet than they do in Australia (Cowan 1990) . In a further modification to their native diet, T. vulpecula in New Zealand regularly consumes invertebrates, bird eggs, nestlings and small mammals (Brown et al. 1993) .
The pest status of T. vulpecula in New Zealand has stimulated research effort into understanding population dynamics and reproductive physiology, with a view to controlling animal numbers. Despite this, limited information is available on aspects of basic biology and physiology of T. vulpecula. For example, there are few records on empirical measurements of the GI tract. Crowe and Hume (1997) examined GI tract morphology from Australian specimens (n = 5); however they used spirit-preserved specimens where tissue shrinkage is likely to have occurred. Gilmore and Peres da Costa (1995) measured length and mass of fresh GI tracts collected from a single site near Christchurch, New Zealand, but these data have only been reported in brief as part of a dissection guide. Fitzgerald et al. (1981) included the mass of different gut sections as part of a larger study on the characteristics of T. vulpecula in captivity in the lower North Island, New Zealand.
The aim of the present study was to document measurements of fresh GI tracts from T. vulpecula in southern New Zealand and to compare them with published information from other areas. A second objective was to investigate the inter-animal variation in morphology and pH of the gastrointestinal tract of individual possums.
MATERIALS AND METHODS
Adult T. vulpecula (16 ♂; 25 ♀) were wild caught from different localities in the Dunedin region of New Zealand (45˚ 52' S, 170˚ 31' E). Twenty three of the animals were trapped in pine forest and 18 in native forest, with both forest types having access to ryegrass / clover pastures. After capture, animals were group-housed in environmentally-enriched pens under conditions of natural daylight and temperature (McLeod et al. 1997) for periods of between 10 and 295 days. Each pen contained 5 -12 possums and hessian sacks were provided as nesting sites. Animals were fed a mixed diet of fresh fruit (bananas, oranges and apples) and cereal-based pellets (Opossum pellets, Western Animal Nutrition, Rangiora, New Zealand). The pellets contained 13% protein and 8% fibre. Water was available ad libitum and fresh branches of Pinus radiata were included in the pens as a source of browse.
Possums were removed from the group housing and lightly anaesthetised with halothane (Fluothane; ICI New Zealand Ltd, Lower Hutt, NZ) by inhalation (0.3 -0.4 l / min) and euthanased by intra-cardiac injection of barbiturate (4 -8 ml, Euthal, Delta Veterinary Laboratories Pty Ltd., Hornsby, NSW, Australia). Immediately after death, a midline incision was made on the ventral surface to expose the abdominal cavity. The complete gastrointestinal tract from the oesophagus (~1 cm anterior of the stomach) to the rectum was dissected and excess mesentery and fat removed. Each tract was divided into five sections, namely; stomach, small intestine (duodenum, jejunum and ileum), caecum, proximal colon and distal colon (Fig. 1) . The proximal colon was arbitrarily defined as the section of gut extending from the ileo-cecal junction to the region where faecal pellet formation was first evident. The length of each section with its contents intact was measured for all 41 animals, taking care not to stretch the tissue. Stomach length was defined as the greatest longitudinal measurement. Each section was then weighed separately, both before and after removal of the luminal contents.
Representative digesta samples were collected from the stomach, small intestine, caecum and proximal colon of 12 animals (9 ♂; 3 ♀) and stored on ice. A diluted slurry of the gut contents from each section was prepared by mixing 2 g of digesta with 20 ml of distilled water. Duplicate measurements of pH of the slurry were made at room temperature, using a Sartorius basic pH meter (PB-20, BioLab Scientific New Zealand) with a pH/ATC electrode. A separate group of animals (male, n = 10) was removed from the group housing, kept in individual cages (W490 x H360 x L540 mm) for a period of 72 h and then euthanased and dissected as described above. Five of these animals had been fed as described above and five had been fasted for 72 h immediately preceding euthanasia. The pH of the mucosal surface from each section of the gastrointestinal tract was measured using an Orion Research portable pH / mV meter (Model SA 230, Australian Laboratory Services Ltd, Auckland) with an Orion spear-tip electrode (Model 91-63, Australian Laboratory Services Ltd, Auckland).
This was an opportunistic study and therefore it was not possible to control the number of days the animals were in captivity. However, the statistical analyses chosen corrects the data to the mean number of days in captivity (= 127). Parsimonious modelling (Aitken 1978), using a General Linear Model, was used to investigate the linear effects of body mass, number of days in captivity, fur colour and gender on the length or mass of each of the five sections of the GI tract. Analyses were performed using GenStat Release 6.2 (GenStat Committee 2003).
RESULTS

Body mass
The range in body mass for animals used in the morphometric study was 1.73 to 4.01 kg with a mean (± SD) of 2.51 ± 0.52 kg for males and 2.95 ± 0.55 kg for females. Mean body mass (± SD) for the male T. vulpecula used to measure pH of the mucosa was 2.89 ± 0.60 and 2.80 ± 0.40 kg for fed and fasted animals, respectively. Mean (± SD) body mass of the animals used to determine the pH of digesta was 2.77 ± 0.64 kg for males and 2.41 ± 0.21 kg for females. Mean body mass was not significantly different between groups. There was a weak, linear trend (R 2 = 0.376) for body mass to increase with length of time in captivity, which ranged between 10 to 295 days (mean 127). Fig. 1 . Line drawing of the gastrointestinal tract of a T. vulpecula specimen (animal identification number 0021). The dotted lines indicate the points of distinction between adjacent gut sections (stomach, small intestine, caecum, proximal colon and distal colon). The proximal colon was defined as the section of gut extending from the ileo-cecal junction to the first appearance of the faecal pellets. Scale bar = 5 cm.
GI tract morphometrics
Mean (± SE) length and mass of each section, corrected to zero days in captivity, of the GI tract are shown in Table 1 . There was wide inter-animal variation in the length of sections of the GI tract, particularly for the caecum, which ranged from 25.1 to 59.0 cm. Gender had no effect on length of any of the section of the GI tract (stomach p = 0.193, small intestine p = 0.747, caecum p = 0.642, proximal colon p = 0.318 and distal colon p = 0.818). However, tissue mass of the stomach, caecum and distal colon were significantly greater in females compared with males. With the exception of the caecum, the time spent in captivity influenced both the length and mass of sections of the GI tract ( Table  2) . The relationship between days captive and length or mass of sections of the GI tract was linear. Specifically, the length of the stomach increased (p < 0.001), while the proximal colon and distal colon decreased in length (p < 0.001 and p = 0.005). Length of the small intestine and the caecum were not affected. Heavier animals of both genders had heavier GI tract sections, except for that of the small intestine (Table 2) . Differences in the mass of sections of the GI tract were also influenced by the number of days in captivity, except for the caecum (Table 2 ). In addition, mass of the proximal colon was significantly heavier in animals with grey pelts compared to those with brown/black pelts. 
GI tract section
GI tract pH
The mean pH of the mucosal surface in the oral cavity of T. vulpecula was 6.8 and did not differ significantly between fed and fasted possums (Table  3 ). The mean pH of the digesta in the stomach (3.7) was higher than the pH at the mucosal surface, although this did not differ significantly between the anterior or posterior sections of the stomach or between fed and fasted animals. The pH of the mucosal surfaces of the duodenum, jejunum and the ileum were significantly different from each other and became progressively more alkaline with increasing distance from the stomach. This occurred in both fed and fasted animals ( Table 3) . In contrast, feeding altered the pH of the mucosal surface in the caecum at both sites measured (ileo-caecal junction and distal section), the pH being significantly lower Table 3 . Mean ± SD pH values of the mucosal surface and of the digesta in different sections of the gastrointestinal (GI) tract from adult T. vulpecula in southern New Zealand. Animals were fed or fasted (72 h) (n = 5 per group). Also shown is the pH ± SD of digesta from different gut sections (n = 12). ** significant difference between fed and fasted, p < 0.01.
GI tract section
in fed than in fasted animals (p < 0.01). There was no significant difference in mucosal pH between the fed and fasted animals in any of the other sections.
DISCUSSION
Diet quality is known to influence the morphology of the GI tract in marsupials (Waring et al. 1966 ). The diet (or nutritional) quality of foliage remains difficult to define, particularly for marsupial folivores. In general terms however, a low quality diet could be described as one from which nutrients are difficult to extract and which contains significant amounts of fibre and/or defence compounds. Hindgut-fermenting herbivores that consume a high fibre diet have an enlarged caecum/proximal colon. This section of the hindgut contains microorganisms which, through the process of fermentation, convert the indigestible cellulose in plant cell walls into nutrients (short-chain fatty acids) that can be absorbed and utilised (Stevens and Hume 1995) . In eutherian species such as rats, caecal length has been shown to be significantly greater in animals fed a high fibre diet (22% bran content) than in those fed a low fibre diet (containing 5 or 10.5% cellulose) (Kahlon et al. 2001) . A similar correlation between GI tract morphometrics and diet quality has also been observed in other hindgut-fermenting herbivores, including rabbits (Sibly et al. 1990 ) and prairie voles (Gross et al. 1985) . As a general rule, as diet quality improves, the size of the small intestine increases and that of the caecum decreases, irrespective of whether this is measured as length or mass.
Also within the Phalangeridae is the scaly-tailed possum (Wyulda squamicaudata) from northern Western Australia, which has similar modifications to the GI tract to suit a more nutritious diet. The diet of W. squamicaudata contains more fruit and flowers than does other phalangerids (Burbidge 1995) and, correspondingly, it has a proportionately longer small intestine and shorter proximal colon (Crowe and Hume 1997) . Furthermore, in specimens of phalangerids from New Guinea, where diet quality is higher than that of Australian eucalypt species, the average distribution of GI tract length (Hume et al. 1993 ) is similar to those recorded in the present study in T. vulpecula from southern New Zealand. Foley et al. (2000) also reported a smaller caecum (by mass) in specimens of the South American woolly opossum (Caluromys philander) fed a diet containing 0.9% nitrogen compared to those animals fed a 0.45% nitrogen.
Free-ranging T. vulpecula in New Zealand have opportunity to select a higher quality diet than their counterparts in their natural habitat in Australia. For example, in an Otago forest, bush pohuehue (Muehlenbeckia australis), which produces highly digestible foliage (4.2 ± 0.24% nitrogen) and contains few defence compounds (7.3 ± 0.49% total phenolics), may comprise 32% of the diet of T. vulpecula (Efford et al. submitted) . The preference of T. vulpecula in New Zealand for native plant species is clearly illustrated by the infrequent appearance of eucalypt leaves in stomach contents in areas where eucalypts are abundant (Gilmore 1967) . Consistent with the relationship between diet quality and GI tract morphology observed in eutherian hindgut fermenters (e.g., rats, rabbits and voles), it could be expected that T. vulpecula in New Zealand would have a larger small intestine and a smaller caecum than those in Australia. This would reflect the higher proportion of easily digestible food in their New Zealand diet that does not require microbial digestion in the hindgut. In the present study of animals from the Otago region of New Zealand, the tissue mass of the caecum accounted for approximately 12% of the total GI tract mass. This compares with 21% of total GI tract mass in the Australian specimens examined by Crowe and Hume (1997) . Conversely, the proportion by mass of the small intestine from T. vulpecula caught in Otago was 41%, which is greater than the 35% reported for Australian specimens (Crowe and Hume 1997) . Contrary to our expectation, the proportion by length of the GI tract that is small intestine is similar between specimens from Australia (Crowe and Hume 1997) and Otago (present study). However, it should be noted that preservation in formalin has been shown to shorten the length of the GI tract and that the greatest reduction in length occurs in the small intestine (Hume et al. 1993) . Thus, the measurements of length obtained in the study of Australian museum specimens by Crowe and Hume (1997) may underestimate the actual lengths.
Comparison of GI tract measurements from T. vulpecula populations within New Zealand from published literature is more difficult because of the variability in the way the data have been presented. Gilmore and Peres da Costa (1995) studied T. vulpecula from an area near Christchurch and reported the mean total length of the small intestine as 320 cm, the caecum as 70 cm and the large intestine as 250 cm. These are all longer than the values recorded in the present study. However, tissue mass of the small intestine from animals in the North Island of New Zealand (Fitzgerald et al. 1981) was comparable with those we report here.
In the present study, there was wide variation between individual T. vulpecula in both mass and length of sections of the GI tract. Similar variability in GI tract measurements was noted by Fitzgerald et al. (1981) . There was no correlation between live body mass and GI tract length. However, with the exception of the small intestine, variation in mass of all GI tract sections was influenced by body mass of the animal, with larger animals having greater tissue mass. Therefore, it is not surprising that the length of time in captivity also had a significant effect on GI tract morphometrics, as animals increase body mass when held in captivity (McLeod et al. 1997) , presumably due to easy access to a variety of nutritious foods.
With few exceptions, the pH levels recorded in the present study are in agreement with previous reports. For example, Tyndale-Biscoe (1975) and Gilmore and Peres da Costa (1995) reported the pH of stomach contents to be between pH 3 and 4 (mean of pH 3.74 in the present study). The pH of the digesta in the stomach was the most variable, as is to be expected because this section would be most influenced by the type of food eaten and time interval between feeding and pH measurement. The mean pH of caecal contents measured in the present study (6.43) was lower than the pH 7.1 -7.5 found by Fitzgerald et al. (1981) and the pH 8.5 -9.0 reported by Tyndale-Biscoe (1975) . In addition, feeding significantly lowered the pH of the mucosal surface in the caecum, but not of other sections of the GI tract.
In summary, T. vulpecula may best be described as an opportunistic feeder that is flexible in the type of foods it can utilise and their food preferences have been shown to vary between habitats, both in Australia (Kerle 2001) and New Zealand (Gilmore 1967) . Their adaptability to new environments is illustrated by the success of this species in a wide variety of habitats in New Zealand. The higher quality diet available to T. vulpecula in New Zealand is reflected in GI tract morphometrics. Consistent with trends observed in other species, the caecum of New Zealand animals has a smaller mass than Australian specimens and the mass of the small intestine is greater.
